Role for allosteric ligands in the short-term effects of insulin and adrenaline on the activity of acetyl-CoA carboxylase
A number of elegant studies performed in vitro with enzyme highly purified from chick and rat livers have demonstrated that the activity of acetyl-CoA carboxylase is increased by and indeed shows an absolute requirement for di-or tri-carboxylic acids, including citrate (Lane et a/., 1974) . and that fatty acyl-CoA esters bind stoicheiometrically and reversibly to cause inhibition (Goodridge, 1972 ; Ogiwara e f a/., 1978). Similar properties have been observed with less-purified preparations from rat adipose tissue (Halestrap & Denton. 1973 , although the enzyme in this case does not show an absolute requirement for added citrate, but exhibits a basal activity that is most unlikely to be explained by residual binding of citrate, and that is markedly increased after treatment of the intact tissue with insulin ( Fig. 1) . It has been proposed that acute changes in rates of fatty acid synthesis may be explained by changes in concentration of the allosteric effectors citrate and fatty acyl-CoA, acting as feedforward activator and feedback inhibitor respectively, of acetyl-CoA carboxylase within intact cells (Guynn et al., 1972; Goodridge, 1972 Goodridge, , 1973 Nishikori et al., 1973; Lane et al., 1974; Watkins et al., 1977) . Another potentially important regulator of cellular activity of acetyl-CoA carboxylase appears to be CoA (Yeh & Kim, 1980; Yeh et al., 1981) . Although some studies have indicated that there is no evidence for a strict relationship between whole-tissue citrate concentrations (Guynn et al., 1972; Clarke et al., 1979) , or more specifically cytoplasmic citrate concentration (Watkins et 01.. 1977) , and rates of fatty acid synthesis, other reports have indicated a closer relationship (Nishikori et al., 1973; Goodridge, 1973) . The potential role for fatty acyl-CoA appears to be more 515 consistently supported by parallel measurements of whole-tissue values and rates of fatty acid synthesis (Guynn et al., 1972; Nishikori et al., 1973; Goodridge, 1973; Halestrap & Denton, 1973 , although the interpretation of whole-tissue concentration is complicated by uncertainty about the distribution, not only between different aqueous compartments (as for citrate), but also between aqueous and hydrophobic phases and specific protein binding sites within the cell (Lunzer et al., 1977) .
From the conflicting and still debated data described above, it is difficult to discern a direct relationship in liver and adipose tissue between rates of fatty acid synthesis and the concentration of citrate or fatty acyl-CoA in the tissue. Results shown in Fig. 1 demonstrate that the effects of insulin and adrenaline on the activity of acetyl-CoA carboxylase persist into tissue extracts with high dilution and incubation in the presence of albumin, and that the effects of insulin are still apparent after purification steps that lead to approximately 10-fold and 100-fold increases in specific activity [by precipitation in the presence of (NH,),SO, and by centrifugation in the presence of citrate respectively]. These results indicate that the effects of insulin and adrenaline on the activity of acetyl-CoA carboxylase observed in broken-cell fractions are unlikely to be explained by residual binding of allosteric ligands. This view is supported by the fact that incubation of fat-pads with pyruvate or fluoroacetate, which bring about a marked increase in whole-cell citrate concentrations, do not lead to corresponding increases in the activity of acetyl-CoA carboxylase measured in tissue extracts (Halestrap & Denton, 1974; .
Role for protein phosphotylation in the short-term effects of insulin and adrenaline on activity of acefyl-CoA carboxylase Inoue & Lowenstein (1972) first pointed out that acetyl-CoA carboxylase purified from rat liver contained covalently bound phosphate, and soon after it was suggested that the enzyme from rat liver may be inhibited by a cyclic-AMP-independent phosphorylation mechanism (Carlson & Kim, 1974a,b (1977b) . A protein of subunit M , 230000, which co-migrated with purified acetyl-CoA carboxylase on sodium dodecyl sulphate/polyacrylamide-gel electrophoresis, was found to be completely and specifically precipitated by antibodies raised against homogeneous acetylCoA carboxylase; furthermore, this radiolabelled protein was found to bind to an affinity gel of avidin-Sepharose. Parallel studies into the effects of hormones on activity and degree of phosphorylation of acetyl-CoA carboxylase within intact fatcells have shown that treatment of cells with adrenaline leads to an increased phosphorylation of the enzyme together with inhibition of activity, and that the activity of the enzyme may be restored to control values by incubating cell extracts in the presence of Mg2+ and Ca2+, treatment that leads to dephosphorylation catalysed by endogenous phosphatase(s) . Further work with purified and partially purified systems from rat liver (Lent et al., 1978; Krakower & Kim, 1980) and rabbit and rat mammary gland (Hardie & Cohen, 1978a Hardie & Guy, 1980) have demonstrated that acetyl-CoA carboxylase becomes phosphorylated and inactivated in the presence of cyclic-AMP-dependent protein kinase, and that these effects are reversed by phosphoprotein phosphatase. or no hormone (0). Pads were extracted in ice-cold sucrose medium, and the activity of acetyl-CoA carboxylase in the lOOOOg supernatant was measured (a) immediately (for 'initial' activity) or (b) after incubation for 20min at 3OoC in the presence of sodium citrate and defatted serum albumin (for 'total' activity). Results are expressed as nmol/min per g wet wt. of tissue ( a and b) or 'initial' activity as a percentage of 'total' (c, d and e) for the folIowing preparations of enzyme: fresh extract with a specific activity of approx. 5 nmol/min per mg of protein (c), enzyme purified by precipitation with (NH,),SO, to a specific activity of approx. 50nmoVmin per mg of protein (d) , and finally enzyme from (d) further purified by centrifugation in the presence of citrate to a specific activity of approx. 500nmol/min per mg .of protein (e). For practical details see Brownsey et a[. (198 Ib) . Results are given as means S.E.M. for five to eight separate experiments, and the significance of the effects of hormone versus control (**P < 0.01 : *P < 0.05) was determined by paired t-test.
The increased phosphorylation and parallel inactivation of acetyl-CoA carboxylase has also been shown in adipose tissue by administration of adrenaline in vivo and by treatment of isolated hepatocytes with glucagon (Witters et al., 1979) .
Phosphorylation of acetyl-CoA carboxylase at multiple sites
The small extent of the observed changes in phosphorylation of acetyl-CoA carboxylase brought about by adrenaline (about 40% above control values) would appear to be explained by the Isolated fat-cells were incubated in bicarbonate-buffered medium containing glucose, albumin and [32P1phosphate for 60min at 37OC and for an additional 15 min in the presence of (a) no hormone, (b) insulin or (c) adrenaline. After extraction of cells in ice-cold sucrose medium, acetyl-CoA carboxylase was purified by immunoprecipitation and digested with performic acid and then trypsin. Peptides were separated by high-voltage electrophoresis (mobility assessed relative to dinitrophenyllysine) followed by ascending chromatography (mobility assessed relative to solvent front), and 32P-labelled peptides were detected by radioautography. For practical details see Brownsey Table 1 . Effects on the activity and phosphorylation of acetyl-CoA carboxylase of incubation with fat-cell plasma-membrane preparation or cyclic-A MP-dependent protein kinase Acetyl-CoA carboxylase (specific activity 50-100nmol/min per mg of protein) was incubated for 2min at 37OC with the additions indicated and assayed immediately ('initial' activity). Results are expressed as percentages of the activity found in the non-incubated enzyme after treatment with citrate. Incubation (f) was the only condition that brought about a significant change in the activity observed after subsequent treatment with citrate, the value being 80.6 +_ 2.4% of that found with the non-incubated enzyme (mean S.E.M. for four separate experiments). Alternatively, incubations were performed with [y-32PIATP and terminated with trichloroacetic acid. Precipitated proteins were separated by sodium dodecyl sulphate/polyacrylamideslab-gel electrophoresis and stained with Coomassie Blue, and the 32P content was determined by densitometric scanning of radioautographs taken from the vacuum-dried gels. Results are expressed as means f S.E.M. for the numbers of experiments in parentheses with different batches of plasma membranes and acetyl-CoA carboxylase. (Hardie & Cohen, 19786, 1979) and 2mol/mol of rat adipose-tissue Mr-230000 subunit (R. W. Brownsey, unpublished work) . In addition, separation of peptides derived by trypsin digestion of 32P-labelled acetyl-CoA carboxylase shows that several discrete peptides contain 32P, and moreover those peptides obtained after phosphorylation of purified mammarygland acetyl-CoA carboxylase by cyclic-AMP-dependent protein kinase are probably the same as those most markedly affected after exposure of intact fat-cells to adrenaline (Brownsey & Hardie, 1980) . Taken together, these studies provide evidence that the inhibition of acetyl-CoA carboxylase aRer exposure of adipose tissue to adrenaline (and perhaps in liver after exposure to glucagon) is mediated by the cyclic-AMP-dependent phosphorylation of specific sites on the enzyme. As noted previously (Brownsey et al., 1977b) , after exposure of isolated fat-cells to insulin there is a small increase in overall incorporation of [32Plphosphate into acetyl-CoA carboxylase. The overall increase with insulin was 15f6.7% above the control value for 22 separate experiments (effect of insulin, P < 0.05). In view of the multiple phosphorylation of the enzyme outlined above, it is clear that determination of the total phosphorylation of acetyl-CoA carboxylase is likely to provide an insensitive estimate of any effects of insulin on phosphorylation, and so analysis of tryptic peptides by two-dimensional thin-layer 'mapping' was performed (Fig. 2) . From a large number of experiments similar to that described (Fig. 2) , it has emerged that three groups of 32P-labelled peptides, designated C-group, A-group and I-group, can be distinguished on the basis et al. (19816) . Arrows indicate the three discrete groups of peptides defined in the text as C-group (a), I-group (b) and A-group (c); the origins are marked '0'.
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of mobility in the two-dimensional analysis and on the basis of changes in 32P content brought about by treatment of fat-cells with insulin or adrenaline. The 32P content of the C-group peptides is unaffected by either insulin or adrenaline, whereas that of the A-group is increased 2-fold by adrenaline but is unaffected by insulin. The exposure of fat-cells to insulin leads to a 5-fold increase in 32P content of a single peptide (I-group). When both insulin and adrenaline are added in combination, the phosphorylation of both I-group and A-group peptides is increased, with no apparent mutual antagonism. These observations suggest that treatment of fat-cells with insulin or adrenaline leads to the phosphorylation of different sites on acetyl-CoA carboxylase, and provide a possible explanation for the fact that the changes in kinetic properties of the enzyme after treatment of cells with these hormones are inconsistent with opposed effects of the hormones on phosphorylation of a common site.
Activation and phosphorylation of acetyl-CoA carboxylase by cyclic-AMP-independent plasma-membrane-associated protein kinase
The studies reported above have prompted us to investigate the possibility that subcellular fractions from epididymal fat-pads may contain protein kinase activity, distinct from previously characterized kinases, that is able to phosphorylate acetyl-CoA carboxylase. A cyclic-AMP-independent protein kinase, able to phosphorylate an endogenous substrate of Mr-140OoO subunit, had previously been found in extracts of fat-cells, and moreover appeared to be stimulated by previous exposure of the cells to insulin (Benjamin & Singer, 1975) . We have reported evidence for the presence in a plasma-membrane fraction from fat-cells of a protein kinase activity that is able to phosphorylate acetyl-CoA carboxylase under conditions in which cyclic-AMP-dependent protein kinase is largely inhibited (Brownsey et al., 198 1 b) . This phosphorylation is accompanied by increased activity of acetyl-CoA carboxylase measured in the absence of added citrate, which is characteristic of the change in activity of the enzyme observed in tissue extracts after treatment of intact cells with insulin. The contrasting effects of phosphorylation of acetyl-CoA carboxylase in the presence of plasma BIOCHEMICAL SOCIETY TRANSACTIONS membranes on the one hand (which leads to activation) and in the presence of cyclic-AMP-dependent protein kinase on the other (which leads to inhibition) are shown in Table 1 . The results describeit above suggest that the rapid activation of acetyl-CoA carboxylase after exposure of fat-cells to insulin may be mediated by a phosphorylation mechanism catalysed by a cyclic-AMP-independent protein kinase that may be associated with the plasma-membrane fraction from fat-cells.
It has become apparent that the incubation of fat-cells with insulin leads to the increased phosphorylation not only of acetyl-CoA carboxylase but also of several other cytoplasmic proteins, and the decreased phosphorylation of a single mitochondria1 protein that is the a-subunit of the pyruvate dehydrogenase complex (Hughes et al., 1980) . The increased phosphorylation of a protein with a subunit of M , 130000 was the first and most dramatic effect of insulin on fat-cell protein phosphorylation to be recognized (Benjamin & Singer, 1974 , 1975 Avruch et al., 1976a,b; Hughes et al., 1977) , and this protein has been identified as ATP citrate lyase (Alexander et al., 1979; Linn & Srere, 1979; Ramakrishna & Benjamin, 1979) . Other proteins to exhibit increased phosphorylation after exposure of fat-cells to insulin include one with a subunit of M , 35000 (Hughes et al., 1977) , which may represent the ribosomal protein S6, better characterized in studies with 3T3-Ll cells (Smith et al., 1980) and HeLa cells (Lastick & McConkey, 1981) , and one with a subunit of M, 22000, which appears to be similar to the protein inhibitor of the general protein phosphatase, called inhibitor-1 (Belsham & Denton, 1980) .
